A series of Ti 44 Cu 44Àx Co 4 Zr 6 Sn 2 Be x bulk metallic glasses with x ¼ 0{5:1 has been systematically investigated in terms of glass-forming ability and mechanical properties at room temperature. With the small amount of Be addition, the glass forming ability as well as ductility can be significantly increased leading to the fully amorphous rod having the diameter larger than 4 mm and ductility larger than 10%. Upon compressing the bulk metallic glass Ti 44 Cu 38:9 Co 4 Zr 6 Sn 2 Be 5:1 , a work hardening-like behavior that may be attributed to structural heteorgeniety was observed.
Introduction
In general, monolithic bulk metallic glasses (BMGs) generally undergo inhomogeneous plastic deformation at room temperature, which results in very limited plastic strain. 1, 2) The plastic flow allows only a few shear bands to be active, causing catastrophic failure of the sample. However, so called ''ductile'' BMGs have been recently developed by fine-tuning the compositions of good glass-forming Zr-, 3) Pt- 4) and Cu-, 5, 6) and CuZr- [7] [8] [9] based alloys. Among them, a Cu 50 Zr 50 BMG on equiatomic binary alloy system has been reported to show unusual compressive plasticity of more than 50%. 10) Moreover, small amount additions of Al to Cu 50 Zr 50 significantly improve the glassforming ability (GFA) 11) leading to the formation of BMGs that exhibit high ductility and even work hardening-like behavior. 12, 13) Based on an alloy design strategy similar to the (Cu 50 Zr 50 )-based BMG, a series of (Cu 50 Ti 50 )-and (Cu 50 Hf 50 )-based BMGs also has been successfully developed with high ductility. 14, 15) However, in case of (Cu 50 Ti 50 )-based BMGs, the several substitutions for the base elements, i.e., Cu and Ti are quite necessary in order to improve the GFA. From the previous investigations on GFA of the (Cu 50 Ti 50 )-based BMGs, the substitution of Zr and Ni/Co for Ti and Cu plays an important role to enhance the GFA of the Cu 50 Ti 50 alloy. Meanwhile, the small addition of Sn in the (Cu 50 Ti 50 )-based BMG is very effective to improve the ductility.
In this paper, partial substitutions of Cu in the alloy Ti 44 Cu 44 Co 4 Zr 6 Sn 2 by Be were intended to investigate the effects of small amount of Be addition on GFA and ductility. Since the commercially available Cu-11.6 at%Be alloy was used to prepare BMGs, the maximum Be content was limited to $5:1 at% Be and thus, environmental restriction may not be serious for structural applications. However, GFA as well as ductility can be markedly improved by the small amount Be additions.
Experimental Procedure
The Ti 44 Cu 44Àx Co 4 Zr 6 Sn 2 Be x (x ¼ 0; 1:1; 2:2; 3:2; 4:2; 5:1) ingots were prepared by arc melting the mixture of high purity Ti (99.9%), Cu (99.9%), Zr (99.9%), Co (99.5%), Sn (99.9%) and a commercially available Cu-11.6% Be alloy under a Ti-gettered purified argon atmosphere. Each alloy ingot was remelted several times to improve chemical homogeneity. Rapidly solidified sheet samples of 50 mm in thickness and 20 mm in diameter, and rods with the diameter ranging from 1-6 mm were prepared by a splat-quenching method and a suction casting method under argon atmosphere, respectively. Thermal properties of amorphous samples were investigated by a differential scanning calorimetry (Perkin-Elmer diamond DSC) and a differential thermal analysis (DTA S-1600). Structural analyses were conducted by an x-ray diffractometer (Philip X'Pert) with Cu-K radiation.
The mechanical properties under uniaxial compression (Instron 4200 IX) were measured using the rods of 1 mm in diameter and 2 mm in length at the strain rate of 1 Â 10 À4 s
À1
at room temperature. The fracture surface and the specimen surface features after failure were investigated using a standard scanning electron microscope (SEM, HITACHI 4300). Figure 1 shows DSC and DTA traces of the splatquenched ribbons of the alloys Ti 44 Cu 44Àx Co 4 Zr 6 Sn 2 Be x (x ¼ 0{5:1). As the Be content increases, crystallization behaviors during second and third exothermic events were significantly changed, while the differences in the T g (or T x ) and the amount of heat released during the first exothermic event were negligible. The DTA traces exhibit the decrease of liquidus temperature as the Be content increases. Therefore, the reduced glass transition temperature T rg (¼ T g =T l ) and the parameter (¼ T x =ðT g þ T l Þ) were increased with the increase of Be content within the investigated composition range (except at x ¼ 4:2), suggesting the enhanced GFA by the small amounts of Be additions (Table 1) . Indeed, the alloy Ti 44 Cu 38:9 Co 4 Zr 6 Sn 2 Be 5:1 could be cast into fully amorphous rods with the diameters of larger than 4 mm as inferred from the results shown in Figs. 2 and 3. The XRD patterns from the as-cast rod of 4 or 5 mm in diameter revealed a broad halo peak typical for amorphous phase. The T g (or T x ) and the amount of heat released during crystallization events of the as-cast rods and the splat quenched ribbon were identical within the instrumental error range as shown in Fig. 3 . However, sharp diffraction peaks with a background of broad diffraction maxima were observed from the XRD pattern of the as-cast rod of 6 mm in diameter, indicating that the amorphous phase coexists with the crystalline phases bcc -Ti and Ti 2 Cu in the as-cast rod. Meanwhile, the alloy Ti 44 Cu 44 Co 4 Zr 6 Sn 2 BMG could be cast into a fully amorphous rod with the diameter of smaller than 2 mm (not shown here).
Results and Discussion
To investigate crystallization behaviors, splat quenched ribbons were heated to a temperature at which each exothermic event ends and rapidly cooled to ambient 500 600 700 800 900 Compositions temperatures in DSC. Figure 4 (a) displays XRD patterns of the Ti 44 Cu 44 Co 4 Zr 6 Sn 2 ribbons heated to temperatures of 734, 800 and 883 K, respectively. Sharp diffraction peaks attributed to the formation of crystalline phases during first exothermic event could not be resolved from the XRD pattern of the rod heated to 734 K. Therefore, it is concluded that very fine nanocrystals formed during the first exothermic event. However, sharp diffraction peaks corresponding to the phases bcc -Ti and Ti 2 Cu could be observed from the XRD pattern of the ribbon heated to 800 K at which the second exothermic event ends. The phases bcc -Ti and Ti 2 Cu transformed to the -TiCu phase during the third exothermic event as inferred from the XRD pattern of the ribbon heated to 883 K. Meanwhile, Fig. 4 In general, the alloys near to the eutectic reaction can show an excellent GFA since the liquid structure can stabilize down to the relatively low temperature upon solidification, so these two alloys have the highest values of GFA parameters among this alloy system, but the Ti 44 Cu 38:9 Co 4 Zr 6 Sn 2 Be 5:1 alloy has the highest value of T rg because of the lowest T l . In this scenario, it is probably that the addition of the Be is effective to modify the phase field from the single -TiCu phase to a mixture of -TiCu and Ti 2 Cu phases and thus improving the GFA. Figure 5 shows the room temperature engineering stressstrain curve under compression with an inset true stress-strain curve. The values of yield stress ' y , yield strain " y , ultimate compression stress ' max , and fracture strain " f from the BMGs exhibit vein-like patterns; a typical vein pattern of was shown as the inset in Fig. 5 . Figure 6 shows BMGs. An overall micrograph in Fig. 6(b) revealed that the sample was significantly buckled upon compressive deformation. Many shear bands closely spaced as well as the vein pattern typical for ductile BMG could be observed on the sample surfaces. Considerable interactions between shear bands were attributed to the uniform nucleation and distribution of the shear bands throughout the samples to accommodate large strain.
In order to understand the macroscopic plasticity of the BMGs both nano-scale structural and chemical heterogeneities [9] [10] [11] [12] [13] [14] [15] [16] have been suggested to offer a low barrier for nucleation of the shear bands, and to generate the multiplication of the shear bands. 1) Furthermore, beyond the ductility issue in the present investigations, one interesting finding is the occurrence of the work hardening under room temperature compression as shown in Fig. 5 . Recently, work hardening of the ductile (TiCu)-and (ZrCu)-based BMGs 17, 18) has been suggested that the nano-scale heterogeneity possibly provides the local stress oscillation during propagation of the shear bands, and resulting in slither morphology of the shear bands. 19 
Summary
GFA and ductility of Ti 44 Cu 44Àx Co 4 Zr 6 Sn 2 Be x BMGs (x ¼ 0{5:1) have been systematically investigated using the samples prepared a commercially available Cu-11.6% Be alloy. As the Be content increases, GFA tends to increases leading to the formation of fully amorphous rod with the diameter larger than 4 mm. The Ti 44 Cu 38:9 Co 4 Zr 6 Sn 2 Be 5:1 BMG transforms into a mixture of -TiCu and Ti 2 Cu phases whereas the Ti 44 Cu 44 Co 4 Zr 6 Sn 2 BMG transforms into mostly single -TiCu. This indicates that the addition of Be is effective to modify the phase field of the stable crystalline phases near eutectic region yielding an enhanced GFA. The Ti 44 Cu 38:9 Co 4 Zr 6 Sn 2 Be 5:1 BMG exhibits the compressive plastic strain up to 10% at room temperature. Consequently, small additions of Be using commercially available Cu-11.6% Be alloy can be effective to improve the GFA and the plastic strain of the (Cu 50 Ti 50 )-based BMGs.
